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Impurities which mingle in tokamak plasmas cause dominant radiation loss in

the high density regime and the energy balance of plasma is lost. This gives

rise to MHD instability and results in major disruption. Density limit in joule

heated plasmas has been studied by using one dimensional transport code combined

with MHD instability analysis code. When the diffusion of impurity is taken

into account, the numerically obtained density limit diagram or Hugill diagram

quantitatively agrees well with that obtained in the experiment. It is also

clarified that the corona-equilibrium model overestimates the density limit.
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1. Introduction

Various kinds of operational limit exist in the tokamak discharges. Den-

sity limit is one of the important ones to be studied in detail for the devel-

opment of ITER (International Thermonuclear Engineering Reactor), because

high density operation is planned in ITER in order to achieve high Q value.1

In high density discharges of tokamaks, especially with large impurity

content, are often terminated by the major disruption.2 This operational limit

is described in the diagram showing the plasma current versus density or Mu-

rakami parameter neR/Bt,3 where Bt is a toroidal magnetic field and R is a

major radius. This diagram is so-called the Hugill diagram.4

In the high density plasma, the radiation loss or excitation loss by impu-

rity ions affects the total energy balance significantly. When the total radiation

loss becomes comparable to the input power, the plasma current channel begins

to shrink since the plasma temperature cannot be sustained by the outward

heat flux from the central region. When the gradient of plasma current den-

sity at the resonant surface become large, tearing modes with low poloidal

mode number become strongly destabilized.5 In this paper, the above whole

processes are studied numerically by using one dimensional transport code

combined with MHD instability analysis code.

Various kinds of the impurity species are observed in tokamaks. In case

of light impurities such as carbon and oxygen, the radiation loss concentrates

in the plasma peripheral region, since they are fully ionized in the central

region. In case of heavy impurities or metal impurities such as titanium and

molybdenum, the radiation loss easily expands into the plasma central region.

In this paper, we compare both cases and clarify difference towards the major

disruptions due to the impurity species.

In Section 2, the numerical model to simulate high density plasmas in

JT-60 tokamak are explained. In Section 3, numerical results for high density

plasmas without impurities are presented in order to compare with results

for impurity-contaminated plasmas to evaluate the impurity effects on the

density limit. Numerical results for high density plasmas with light impurity

species and those with metal impurity species are presented in Sections 4 and 5,

respectively. Comparison of the Hugill diagram between numerical results and

experimental data is shown for ohmically heated plasmas of JT-60 in Section

6 . Results obtained in this paper are summarized in Section 7 .

- 1 -
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2. Numerical Calculation Method

2.1. Bulk Plasma Transport

In this paper numerical calculations are carried out by using the one di-

mensional (1-D) tokamak transport code6 combined with MHD stability code.

The latter one will be explained in Sections 2.4 and 2.5 . Equations describing

bulk tokamak transport are expressed as follows;

ljt(neTe) = -~(rQt) + QoH-QiT
i-Qrai + Q'n1 (2)

™(n , r £ ) = - ~ ( r g o + Q e p l ' - 0 « + <&' (3)
8BP d ft) d

Time evolution of ion density, n,-, electron temperature, Te, ion temperature, Tj,

and poloidal magnetic field, Bp, are governed by these equations. Here, QOH

is ohmic heating power equal to r\J\, where Jz is a toroidal plasma current

density and TJ is a neoclassical resistivity.7 F,- is an ion particle flux, Qe and

Qi are an electron and an ion heat flux, respectively. Both ionization and

recombination processes are considered in the particle source, S.

The ion particle and electron flux, I\ and Fe, are written as

r," = Te = -D-^- - TliVware , (5)

where D is the particle diffusion coefficient and Vware is the inward particle

flow velocity by Ware pinch.8 The electron and ion heat fluxes are written as

follows;

Qe = -neXe^ + ^ r e r e , (6)

Q = " x +,~ + f̂ r, , (7)
Here Xe and \i a r e *n e electron and ion thermal diffusivity, respectively. In

this paper transport coefficients are set as follows,

1 x Id
D = ^ - , (8)

ne

ne

Xi = 1.5x?C • (10)

- 2 -
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In the above formula, Xe is consistent with neo-Alcator scaling.

The energy flow from electrons to ions is denoted as Qe^~". The radiation

loss, QTad, is made up of several atomic processes such as Bremsstrahlung,

cyclotron radiation, excitation loss and so forth. Qcx is the charge exchange

loss. Qe
n and Q\ are the energy gain and loss related to both ionization and

recombination.

Hydrogen neutrals injected by gas puffing or released from the first wall

by recycling. The energy of these neutrals are set 5 eV, which is the same as

boundary temperature.

2.2. Impurity Transport

The time evolution of impurity density in the charge state k (&=1,2,- • -,ZA),

rik, is described as follows;

where the impurity flux is

Tfc = -DZ^ - VAnk (12)

and

Dz = DN
Z

C + DA . (13)

Dz° is the diffusion coefficient of impurity derived from the neoclassical the-

ory.9'10 DA is the anomalous diffusion coefficient of impurity. Since the mag-

nitude of DzC is very small for the JT-60 plasma parameters, it is negligible

in eq.(13). VA is the anomalous inward flow velocity of impurity. It is assumed

as follows,11

VA = DACA^ , (14)

where the coefficient CA is related to the impurity density profile. In this

paper, DA=1.0 m2sec"1 and CA=1 are assumed to reproduce impurity density

profile in JT-60 plasmas reasonably.

The impurity source term is described as

, (15)

where ak is the ionization rate from charge state k to k + 1, fa is the re-

combination rate from charge state k to k — 1, respectively, nzQ is the neutral

q
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impurity density and /3j?T is the charge transfer recombination rate.12 Here

neutral impurity is assumed to be puffed from the first wall with the temper-

ature Tzo=5 eV. The amount of impurity puff is decided in order to keep the

given impurity content.

The temperature of impurity, 7fc, is assumed to be the same as bulk

hydrogen species because the energy relaxation time between hydrogen and

impurity is much shorter than the energy confinement time, TE-

The radiative cooling rate, Lz, and the average charge state, (Z), as a

function of electron temperature for carbon, oxygen, titanium and molybde-

num are shown in Fig. I.13 The average ion model14 is adopted in this figure.

The radiation can be estimated by

zA

Qrad = LzneJ2n-k • (16)
fc=i

The average charge state is defined as

. (17)

k=l

From Fig. 1, it is found that carbon and oxygen easily become fully ionized

impurity ions in JT-60 ohmically heated plasmas with r e(0)=l~3 keV.

2.3. Scrape-off Plasma Transport

The transport properties of scrape-off plasma affects the bulk plasma sig-

nificantly by changing the boundary density and temperature. In this paper,

the scrape-off layer with the thickness of 4 cm is set up outside the surface

of the bulk plasma. In this layer, loss rates of particles, electron energy and

ion energy along the magnetic field line are expressed as n,-/T||, 3-yeneTe/2T\\

and 37,nIT,72r||, respectively. Here the heat transmission coefficients are set as

7e=5.8 and 7,=2.0 according to the sheath theory.15 The life time of particle

along the magnetic field line, T\\=L/VJ, is estimated by using the connec-

tion length, L=irqR, and the flow velocity Vj. The flow velocity is assumed

V/=Cs/3, where Cs=\JTelmi is the ion sound velocity in the scrape-off layer.

The cross-field transport coefficients in this layer are assumed spatially

constant and Bohm type16"18;

rpSEP
D - * . - * « = C B ^ , (18)

- 4 -
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where TfEP is the electron temperature at the separatrix. The coefficient CB

is set 0.5 . The electron and ion temperatures are fixed at 5 eV for the outer

boundary of the scrape-off layer. These values are not sensitive for transport

code results. The value of T^EP is determined by both the energy flux into

the separatrix from the bulk plasma and the energy loss rate in the scrape-

off plasma. Similarly, nfEP and TfEP are also calculated. It is reasonable to

assume no plasma current in the scrape-off layer. Thus the boundary condition

of plasma current at the separatrix is jfEP=0 .

2.4. Modeling of Sawtooth Oscillation

When the safety factor, q, at the plasma center falls below unity, the

tearing mode with poloidal mode number m=l and toroidal mode number n= l

becomes unstable. Then the magnetic island is formed around q=\ resonant

surface at r=rs due to the magnetic field line reconnection. The time evolution

of magnetic island width, W, is calculated as follows,

(19)

where Wo is the small initial island width. In this paper WQ=10~4 m is as-

sumed. 7 is the growth rate of the tearing mode including the diamagnetic

effect.19

When W becomes greater than rs, the initial hot core plasma in the

central region moves to the peripheral region. This phenomena is called the

internal disruption. At the internal disruption, the magnetic flux exchange

occurs. At the same time, the safety factor becomes larger than one again.

The way of magnetic flux exchange is proposed by Kadomtsev.20 First

the helical flux function ip is defined as

(H (20)

in the cylindrical plasma. The critical radius, rc, is determined by r/>(rc)=0 .

In the region 0<r<rc , the magnetic flux exchange occurs.

Before and after the internal disruption, the follov/ing relation holds from

the helical flux conservation;

ridr1 + r2dr2 = rdr , (21)

B fl 1 (22)

- 5 -
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ip {r\ + dri) = i}> (7*2 — ̂ 2 ) = ^ (r — dr) . (23)

Superscripts "B" and "A" are adopted to distinguish the plasma parameters

"before" and "after" the minor disruption. By applying Taylor expansion to

eq.(23),

J— = ,, 1 2 ,. (24)
r dr ritp2 ~

 riW\

is obtained from eq.(21), where

„ d^B

dr dr

The safety factor after the internal disruption is calculated from eq.(24) as

A 1 (25)

Bt dr

Thus the poloidal magnetic field, Bp or the toroidal plasma current, Jz, after

the internal disruption is obtained from eq.(25).

It is assumed that density and pressure profiles in 0<r<>c becomes en-

tirely flat at the internal disruption, that is,

[TCnf{r)rdr = nf f" rdr , (26)
Jo Jo
fTCnB(r)rdr = nf Prdr , (27)

JO JO

f\B{r)T?(r)rdr = n*T? j\dr , (28)

Pnf(r)Tt
B(r)rdr = n?Tf P rdr . (29)

JO JO

In this model density and pressure are conserved at the internal disruption.

2.5. Magnetic Island Formation due to Tearing Mode

When the tearing mode is unstable at q=m/n (>1) resonant surface, the

magnetic island is formed due to the magnetic field reconnection. The stability

condition of tearing mode is determined by the following relation,

A'(0) = lim \^f-v ' £-»o dr /•('.)• (30)

where ^ is a perturbed helical flux function, which is connected with the radial

perturbed magnetic field, Br = i \p(r) exp (7* + imO + imp). When A'(0)>0,
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plasma is unstable against the tearing mode.5 In such a case, the magnetic

island is formed due to the magnetic field reconnection at r=rs .

After the linear growth phase, the tearing mode proceeds to a saturated

phase with a finite width of magnetic island. The saturated island width W

is estimated by the following formula,21'22

a t fJ>o

where

•/M>(r.)) • (32)
r,+W/2 dr T.-W/2.

Since the magnetic field line is connected across the magnetic island, the par-

ticle and energy transport are significantly enhanced in this region. In this

paper, Xe 1S enhanced by a factor of 100 in the region rs — W/2<r<rs + W/2.

2.6. Procedure of Numerical Simulation

The transport analyses are carried out for the following JT-60 plasma

parameters: fl=3.03 m, a=0.95 m, £ t=4.5 T, Jp=l~2.3 MA. The radius of

separatrix is 0.92 m. For the numerical simulation 48 mesh points in the main

plasma are adopted and 6 mesh points are adopted in the scrape-off plasma.

In the simulation carbon, oxygen, titanium and molybdenum are selected

as the impurity species. The impurity content, / tmp, is given by the ratio of

the number of total impurities to the number of total hydrogen ion as

/imp = — P • (33)

Jv

In this paper 7:mp is assumed 6 % for carbon, 0.5, 1, 2 and 4 % for oxygen,

0.05 % for titanium, and 0.01 % for molybdenum. 7,mp is set constant during

the time evolution.

In the simulation, the initial profiles of n,-, Te, T,- and Jz are given. Then

these profiles are calculated for one second by using the transport code in order

to obtain the steady state. During this period, the total ion density is kept

constant. Then hydrogen puff is started with constant rate. Since 7,mp is set

constant, the total number of impurities in the plasma also increases with the

plasma density.

- 7 -
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The gas puffing rates are set as 2xl019 m~3sec~1 for the case without

impurity, 5xlO18 m~3sec~1 for the light impurity cases and 2xl01 8 m^sec"1

for the metal impurity cases. This gas puffing rate is set as low as possible

within a limitation of computational time in order to avoid the sudden plasma

edge cooling.

Sawtooth oscillation and the magnetic island formation by destabilized

(2,1) and (3,2) tearing mode are simulated all through the numerical calcula-

tion. When one of the following conditions (a)~(c) is satisfied, it is considered

that the major disruption occurs.

(a) (2,1) island and (3,2) island are overlapped.23

(b) (2,1) island grows and contacts the sawtooth region.

(c) (2,1) island grows and contacts the first wall.

The numerical simulation is executed until one of the conditions (a)~(c)

is satisfied. Thus the maximum attainable electron density for the fixed im-

purity content /Imp is obtained by the numerical simulation. By changing the

plasma parameters such as plasma current, impurity species, impurity content

and so forth, the operation limit about the maximum density is drawn on the

Hugill diagram.

In the numerical simulation, the density profiles of impurity in each

charge state is calculated by eq.(ll). It is called the impurity diffusion model.

The corona-equilibrium model is also used to determine the ratio of impurity

density in each charge state.24 Since the corona-equilibrium model does not

determine the spatial impurity density profile by itself, the assumption

X>,«e-C*(;)2 . (34)
k

is adopted. The numerical results by the corona-equilibrium model are com-

pared with those obtained by the impurity diffusion model. Thus the validity

of the corona-equilibrium model is examined for the JT-60 plasma parameters.

3. Density Limit of Plasmas without Impurity

By executing a long time discharge cleaning to tokamak plasmas after

the baking of the first wall, impurity content decreases significantly. However,

they cannot be removed completely. The impurity free plasma is unrealistic

in the experiment. In this Section, however, the high density impurity free

plasma will be studied in order to highlight the effect of radiation cooling by

Q
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light impurities or metal impurities, which will be discussed in the following

Sections.

The 7P=2 MA plasma without impurity is considered first. Figure 2(a)

shows the time evolution of volume averaged electron density, (nc), aver-

aged electron temperature, (Te), and averaged ion temperature, (T;), with the

weight of density profile. During the first one second, {;ie) is kept constant.

After that, (ne) begins to increase at a constant rate under the constant gas

puffing rate. As (ne) increases, (2e) and (T,) gradually decrease. The sudden

decrease of (Te) and {I}) at the beginning of the numerical simulation is caused

by the onset of sawtooth oscillation.

Figure 2(b) shows the time evolution of MHD activities, especially saw-

tooth oscillations and magnetic island formation by destabilized tearing modes.

In this figure, the solid lines corresponding to rj/i, r3/2 and r2/i indicate the

radial position of g=l, 1.5 and 2 surfaces, respectively. The dotted line rc

shows the radius within which helical flux, density and temperature are ex-

changed at the sawtooth crash. The dotted lines around the positions r3/2 and

r2/i indicate the width of (3,2) and (2,1) magnetic islands, respectively.

The time evolution of ne, Te and <72 profiles are shown in Fig. 3 . The

ne profile changes little during the density ramp up phase. The sawtooth

oscillation occurs from the beginning of the numerical simulation. Within one

third of minor radius in the plasma central region, the density and temperature

profiles become almost flat due to the sawtooth crash. However, the m=2

tearing mode activity are weakly unstable before 2=6.8 sec. From 2=6.8 sec,

the width of magnetic island due to the (2,1) tearing mode rapidly increases.

With a short delay, the (3,2) island width begins to increase. The time when

the (3,2) island width begins to increase coincides with the time when the

(2,1) island width becomes maximum. The Jz profile does not change until

(ne) becomes very large.

Profiles of ne, Te and T{ at (ne)=7.1xl019 m~3 (2=3.0 sec), (ne)=1.69

x 1O20 m~3 (2=8.4 sec) and (ne)=1.77xl020 m"3 (2=S.8 sec) are shown in

Fig. 4 . In the high density regime, JJ is almost the same as Te due to the

large electron-ion equipartition energy transfer. In Fig. 4(b), Te and T,- is

locally flat around r=0.57 m and r=0.7 m due to the (3,2) and (2,1) magnetic

islands.

In Fig. 4(c), these islands are overlapped each other. Although the

numerical simulation can continue for 2>8.8 sec, it is considered that the

major disruption occurs at this time. The maximum electron density just
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before the major disruption is {ne)=1.77xl02° m~3, which corresponds to

(ne) R/Bt=ll.S . This maximum density is unrealistically higher than ex-

perimentally obtained density limit in Ip=2 MA ohmically heated plasmas of

JT-60 (see the operation limit of JT-60 ohmically heated plasma shown in

Fig. 34 for reference).

In the low density phase, for example at £=3.0 sec, the dominant electron

energy loss channel is the conduction loss. In the high density phase, for exam-

ple at t=8A sec, on the other hand, it is electron-ion equipartition energy trans-

fer from electrons to ions. As (ne) increases the ion conduction loss increases

because xfC n a s a positive density dependence. Also the recombination loss

increases in the low edge temperature plasmas in the high density regime.

Then the electron energy loss increases through the electron-ion equipartition

energy transfer, and the electron temperature profile changes substantially.

The change of Te profile affects the plasma current profile through the plasma

resistivity, which has a tendency to destabilize (2,1) tearing mode.

Once the large (2,1) magnetic island is formed, the current density gradi-

ent between the q=l and q=2 resonant surface becomes large. Then the (3,2)

tearing mode is destabilized and (3,2) magnetic island appears. Finally the

(2,1) and (3,2) islands are overlapped. However, after the elapse of resistive

skin time, the current density gradients at both the q=1.5 and q=2 resonant

surface become small because of the flat Te profile within the magnetic island.

Then the tearing modes are stabilized and the magnetic islands disappear.

This process repeats itself in the numerical simulation.

If there are substantial number of impurity ions in the core plasma, the

radiation loss by impurity plays an important role in the electron energy bal-

ance. This energy loss causes much lower density limit than the case without

impurity. The details are discussed in the following Sections.

4. Density Limit by Light Impurity Effects

In this Section, the density limit caused by light impurities such as carbon

and oxygen is investigated. At first, the density limit of / p =l MA plasma with

-?imP=l % oxygen is studied. Here Ze/j is about 1.45 . Figure 5(a) shows time

evolution of (ne), (n,), (Te) and (T-).

Figure 5(b) is the time evolution of ohmic heating power, POH, and the

total radiation loss, P^f, due to the oxygen impurity. Before 2=1.0 sec, P^1

is about 25 % of POH- After 2=1.0 sec, P^f increases rapidly with increase of

- 1 0 -
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density. At 2=2.0 sec P^1 is almost comparable to POH- P^i1 continuously

increases as the electron density. POH also increases due to increase of plasma

resistivity because Te decreases. Thus, after t=2.0 sec, P^1 keeps almost the

same level as POH-

Figure 5(c) shows the time evolution of the location of ri/i, rc, r3/2, r2/i

and the width of (2,1) and (3,2) magnetic islands. It is seen rc~ l. lri / i . This

is a little different from the flux inversion radius given by Kadomtsev; rc~>/2

r\/\. Since the current peaking after the sawtooth collapse is very slow in the

simulation, the increase of helical flux inside the radius of r\/-y is also small.

Thus the flux exchange between q<\ and q>l is restricted in a narrow region

during the minor disruption of sawtooth. Therefore the ratio rc/ri/i may

become small. As the density increases, the three resonant surfaces rj/j, r3/2,
r2/i gradually move outward. At 2=2.7 sec, the (2,1) island width suddenly

increases and the (3,2) island width increases just after that. At 2=3.2 sec

these two islands are overlapped each other. The electron density at this time

is (ne)=2.39xl019 m~3, which corresponds to the density limit.

The time evolution of ne, Te and Jz profiles are shown in Fig. 6 . After

2=1.0 sec, Te and Jz in the peripheral region gradually decrease. Then at 2=2.0

sec when P^°d
al is comparable to POH-, the shrinkage of the Te and Jz profiles

take place. The current density gradient around the q=2 resonant surface

becomes large and the (2,1) magnetic island is formed. As this magnetic island

width becomes large, the current density gradient around the 9=1.5 surface

also becomes large, which causes the formation of the (3,2) magnetic island.

Then these islands are overlapped and the major disruption occurs suddenly.

The interaction between the (2,1) mode and the (1,1) mode is negligible in

this case.

Figure 7 shows profiles of ne, n,-, Te, T,- and Prad- At (ne)=1.72xl019 m~3

(2=2.0 sec), there are two peaks in the radiation loss profile, which correspond

to the positions of Te=50 eV and 300 eV. The temperature dependence of

cooling rate in Fig. 1 shows two peaks at Te=20 eV and 200 eV for the oxygen.

The shift of maximum radiation cooling position to the higher Te region is

caused by the diffusion of impurity. The radiation loss profile is strongly

localized at the plasma edge region. The intensity of outer peak is especially

large. This radiation profile is the distinctive feature for the light impurity

case. The ratio of P}°d
al to POH is about 0.38 . At this time, the (2,1) tearing

mode is still stable.

At (ne)=2.35xl019 m~3 (2=3.3 sec) the electron temperature in the pe-

- 1 1 -
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ripheral region cannot be supported any longer because the radiation loss

overcomes the heat flow from the plasma central region to the edge region

by conduction. Thus the electron temperature profile shrinks as shown in

Fig. 7(b). The position of the maximum radiation loss moves about 15 cm

inward. Outside this peak, a very low temperature plasma (~5 eV) exists. At

this stage the (3,2) magnetic island also appears. Afterward, the (2,1) and

(3,2) magnetic islands are overlapped (see Fig. 7(c)).

Figure 8 shows density profiles of oxygen in different charge states. The

low charge state oxygen densities, mainly O3+, O4+ and (95+, which exist near

the plasma surface generate the localized radiation loss. These low charge state

oxygens begin to move inwardly when the shrinkage of electron temperature

starts.

Next, the density limit of 2 MA plasma with oxygen of 7 imp=l % is

investigated. Figures 9 and 10 show the time evolution of plasma parameters

and profiles of ne, Te and Jz. Just before 2=1.0 sec, P^df11 POH is about 0.2 .

During the density ramp up, P%£1 increases rapidly. At 2=2.8 sec, P^f1

becomes comparable to POH- Different from the / p =l MA case, the (2,1)

tearing mode is always unstable through the density ramp up phase. Then at

2=3.7 sec, the (2,1) and (3,2) magnetic islands are overlapped.

Figure 11 shows profiles of ne, n,-, Te, T1,- and Prad- Contrary to the

/ p =l MA case, the shrinkage of the electron temperature cannot be clearly

seen. The position of maximum radiation loss locates outside the q=2 surface;

r=0.85~0.90 m. However, radiation cooling in the plasma peripheral region

does occur in the same way as the / p =l MA case. The current density gradient

at g=2 becomes large and the (2,1) tearing mode is destabilized. The growth

of (2,1) magnetic island makes large current density gradient at the q=l.5

surface. Then the (3,2) tearing mode is destabilized and the (3,2) magnetic

island appears. At (ne)~4.3xl019 m"3 (2=3.7 sec), P}°l
d
al/'P0H becomes 0.92

and the (2,1) and (3,2) modes become unstable simultaneously. In the next

stage, these islands become overlapped. The density limit of 7P=2 MA case is

larger than 7P=1 MA case because the ohmic heating power is increased for

/p=2 MA.

In the 7p=2 MA case, the wide flattening region of plasma current profile

in the central region also makes large current density gradient at the q=2

surface. However, even if the central current flattening region is wide, the

large width (2,1) island does not appear in the impurity free plasmas for t<6.8

sec (see Fig. 3(c)). It is clear that the increase of current density gradient at
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the q—2 surface is affected by the radiation loss in the edge region more than

by the central current density flattening due to the sawtooth oscillations.

Figure 12 shows density profiles of oxygen in different charge states. Since

the edge temperature is higher than that of 7P=1 MA case, the low charge state

oxygen are more localized near the plasma surface even at the high density

regime.

Besides oxygen, carbon is also commonly observed impurity in tokamaks.

Here 7P=2 MA plasma with 7,mp=6 % carbon is studied. Figure 13 shows

profiles of ne, n,-, Te, 7; and Prati and carbon density in different charge states

at (ne)=2.79xl019 m~3. Radiation loss profile is highly localized near the

plasma surface. The density of C2+ and C3+, which mainly contribute to the

radiation loss, are localized near the plasma surface.

The impurity density in each charge state is calculated by eq.(ll) tak-

ing into account of radial impurity flux. Now corona-equilibrium model is

often referred to estimate the impurity density ratio in each charge state at a

given temperature. Here the density limit is calculated by using the corona-

equilibrium model and compared with results by the impurity diffusion model.

Figures 14 and 15 using the corona-equilibrium model correspond to

Fig. 5 and Fig. 6, respectively. When (ne) is less than 4.5xlO19 m~3 or £<7.4

sec, Pr'ad°' 1S much less than POH, MHD activity is weak comparing with Fig. 5

and the shrinkage of Te and Jz profiles is not seen clearly. However, the central

flat region by the sawtooth oscillation is smaller than that in the case of the

impurity diffusion model. At (ne)~4.5xl019 m~3, (2,1) and (3,2) magnetic

islands suddenly burst.

The difference between the corona-equilibrium model and the impurity

diffusion model is highlighted by comparing Fig. 16, Fig. 17 and Fig. 7, Fig. 8.

At (ne)=2.73xl019 m"3 (Z=4.0 sec), the profile of Prad is quite different from

the impurity diffusion model (see Fig. 7(c)). Praci profile is not localized, rather

broad in the bulk plasma. The reason can be inferred from the density profile

of impurity. Figure 17(a) shows that there are only O8+, O7+, O6+ in the bulk

plasma. Lower charge state oxygen are actually only seen at the mesh point

corresponding to the plasma surface. They cannot move into the inner region

because there is no impurity diffusion in the corona-equilibrium model.

In the impurity diffusion model, these low charge state oxygen spread

into the bulk plasma and generate Prati profile with finite spatial width (see

Fig. 8). In the corona-equilibrium model, on the other hand, the local Te value

determines what kind of charge state oxygen exists. Thus the radiation loss
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due to the low charge state oxygen impurity is really restricted at the plasma

surface. In Figs. 16(a) and (b), the peak of radiation loss caused by low charge

state oxygens can be seen at r=0.95 m.

The radiation loss power at the plasma central region in Fig. 16(a),

-Prad~104 W/m3, is as large as that in Fig. 7(c). That is, the distinctive differ-

ence between the corona-equilibrium model and the impurity diffusion model

in the light impurity case is not the difference of Prad profile but whether sig-

nificant amount of Prad caused by the low charge state oxygen exists in the

edge region or not. At (ne)=4.39xl019 m"3 (2=7.4 sec, Fig. 16(b)), PTad has

another peak in the peripheral region (r=0.8~Q.9 m). This is caused by the

increase of O5+ in this region because Te decreases as the increase of (ne).

From 2=7.4 sec to i=7.6 sec, O4+, O3+, O2+, O1+ appear successively in

the plasma edge region. The rapid increase of radiation loss by the appearance

of these low charge state oxygen causes the decrease of Te, which promotes

further increase of radiation loss. This rapid increase of radiation loss makes

the plasma current channel shrink inward very rapidly. Figure 16(c) shows

a peaked Pra^ profile just outside the q=2 surface. Then the current density

gradients at q=l.5 and 2 are enhanced, and the (2,1) and (3,2) magnetic islands

are overlapped.

The obtained density limit is (ne)=4.48x 1019 m~3 by the corona-equilibrium

model, which is about 1.9 times larger than the density limit by the impurity

diffusion model and much larger than the density limit obtained experimentally

in JT-60 ohmically heated plasmas.

It is considered that the corona-equilibrium model underestimates the

density of low charge state oxygen and consequently the radiation loss. In the

light impurity case, it is inappropriate to adopt the corona-equilibrium model

for the estimation of impurity density.

5. Density Limit by Metal Impurity Effects

In this Section, the metal impurity case is studied. First of all, the density

limit of / p =l MA plasma with 7imp=0.05 % titanium is examined. Titanium

is the 22nd element. Here Zefj is about 1.1 .

Figures 18 and 19 correspond to Figs. 5 and 6 for oxygen impurity case.

After the onset of gas puffing, P*°d
al increases as (ne). At 2=4.8 sec, P*°^al

becomes comparable to POH- Both Pjiffi and POH continue increasing with

keeping the relation P%d
al~P0H- Then at 2=6.8 sec, (2,1) and (3,2) islands
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are overlapped. Figure 19 is similar to Fig. 6 .

Figures 20 and 21 are the profile of ne, Te, TJ, PTa<i and titanium density in

each charge state. Different from the light impurity case shown in Fig. 7, PTad

profile becomes much broader; it spreads from the half radius to the plasma

edge region. The edge cooling by the titanium impurity gradually decreases

the electron temperature in the region outside the q~2 surface.

The densities of Tiu+ at the half radius and Ti4+ at the plasma edge

are substantial. The density of fully ionized titanium Ti22+ is very small

because the central temperature of ohmically heated plasmas is fairly low.

There are two peaks in the Prad profile, which correspond to Ti4+~Tie+ and

Tiw+~Tiu+. Especially the outer peak which locates outside the q=2 surface

is dominant. This peak moves inward as (ne) increase and a very low Te plasma

appears in the plasma peripheral region. Then at (ne)=2.84xl019 m~3 major

disruption occurs. This metal impurity case also demonstrates that the edge

cooling leads to the disruption.

Figures 22 and 23 shows the time evolution of the same quantities as

shown in Figs. 18 and 19 in 7P=2 MA plasma with 7,mp=0.05 % titanium.

The (2,1) tearing mode is always unstable through the density ramp up. At

(ne)=3.06xl019 m"3 (2=3.5 sec), (2,1) and (3,2) island widths increase. How-

ever, they are not overlapped. Pl°ad
al increases as (ne). However, the ratio

Pl°adlIPOH is utmost 0.65 during the density ramp up phase before 2=5.5 sec

when (2,1) and (3,2) islands are just overlapped.

Figures 24 and 25 shows profiles of ne, Te, PTad-, T{ and titanium density

in each charge state. For almost the same (ne)~2.8xl019 m~3 as shown in

Figs. 20(c) and 4.24(a), the edge temperature of 7P=2 MA case is larger than

that of 7P=1 MA case. Therefore the fraction of titanium density belonging to

the low charge states is relatively smaller than that in the 7P=1 MA case.

Prad is large in the region from the half radius to the plasma edge includ-

ing both the q=l.5 and q=2 surfaces. The current channel shrinkage cannot

be seen. However, the decrease of current density in the edge region due to the

widely spread edge radiation cooling does change current density gradients at

g=1.5 and q=2 surface, and results in the overlapping of (2,1) and (3,2) islands.

Next, the density limit of 7P=1 MA plasma with 71Tnp=0.01 % molybde-

num is examined. Molybdenum is the 42nd element. Here Zejj is about 1.03.

Figures 26 and 27 show the time evolution of the same quantities as shown

in Figs. 18 and 19 . In the density ramp up phase P*°d
al increases and after

2=3.6 sec Plld
al~PoH- The Te and Jz profiles begin to shrink at this time (see
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Fig. 27).

Figures 28 and 29 show the profiles of ne, Te, T,-, Prad and molybdenum

density in each charge state. Different from oxygen or titanium, Prad is dom-

inant in the plasma central region where the ohmically heating power is also

significant. In the edge region, there is peak of PTad, which is caused by the

low charge state molybdenum such as Mo4 +~Mo1 0 + . This peak locates at the

electron temperature on the order of 50 eV. The density of molybdenum in

the high charge state above Mo30+ is very low.

Although the radiation cooling is large in the plasma central region, the

overlapping of (2,1) and (3,2) islands is mainly caused by the shrinkage of

current channel due to the radiation loss in the edge region even in the metal

impurity case. Comparing Fig. 28(c) with Fig. 7(c), it is found that the electron

temperature profiles at the density limit are similar regardless of the impurity

species.

Like the light impurity case, it is examined whether the corona- equilib-

rium model is applicable to the metal impurity case or not. The / p =l MA

plasma with /,-mp=0.01 % molybdenum is examined.

Figures 30 and 31 correspond to Figs. 14 and 15 for oxygen impurity case.

Different from the oxygen case calculated by the corona-equilibrium model in

which P}°d
al increases suddenly and Te and Jz profiles collapse, P*°d

al becomes

as large as POH (t=4.2 sec) before the overlapping of (2,1) and (3,2) islands

and keeps increasing with P{°d
al~PoH- Comparing Fig. 26 with Fig. 30, it is

found that time evolution of plasma parameters is almost independent of the

impurity models.

Figures 32 and 33 are the profiles of ne, Te, T,-, Prad and molybdenum

density in each charge state. At (ne)=2.43xl019 m~3 (<=3.0 sec), Prad shows

the maximum near the plasma center. Another peak of PTa<i does not exist in

the edge region at this density. The reason is that the low charge state molyb-

denum densities Moi+r^Mo7+ are strongly localized at the plasma surface (see

Fig. 33(a)) and does not contribute to the radiation loss.

At (ne)=2.87xl019 m"3 (i=4.2 sec) when P%£1 is comparable to Pou,

the low charge state molybdenum densities spread in the edge region because

of the lower Te than Fig. 33(a). Then Prad profile has another peak in the edge

region. At this time, by comparing Fig. 28(b) with Fig. 32(b), it is found that

the overall Prad profile is similar to that given by the impurity diffusion model.

Then the current channel begins to shrink and the (2,1) and (3,2) islands

are overlapped at (ne)=3.08xl019 m~3 (J=4.8 sec). The density limit of the
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plasma with molybdenum impurity estimated by using the corona-equilibrium

model is only about 10 % smaller than that by the impurity diffusion model,

which is entirely different from the case of 7p=l MA with 7,mp=l % oxygen.

Comparing Fig. 29(b) with Fig. 33(c) in the case of (ne)~3.1xl019 m~3

it is found that the low charge state molybdenum densities Mo4+~Mo10+ in

the impurity diffusion model are only slightly smaller than those in the corona-

equilibrium model. Since Mo4+~Mo10+ contribute to Prad dominantly in the

plasma edge region, it is understandable that the density limits by these two

models are similar.

This comparison suggests that for the metal impurity contaminated plas-

mas especially with high charge number impurity ions, the corona- equilibrium

model is usable for the estimation of impurity charge state.

6. Comparison with Experimental Data of JT-60 Toka-
mak

When the impurity species and impurity content, 7,mp, is fixed, the den-

sity limit increases as the plasma current. This is because the larger ohmic

heating power can prevent the shrinkage of current channel which is caused by

the imbalance between radiation loss and heating power.

The tokamak operational limit is described in the ((ne) R/Bt, q~}) plane,

which is so-called Hugill diagram. Here qa is the safety factor at the plasma

surface. The horizontal line, (ne) R/Bt, is usually called Murakami parameter.

Originally, the line averaged electron density, ne, is adopted instead of the

volume averaged one (ne). ne is larger than (ne) by utmost 20 % in our

calculations. In this Section, (ne) is adopted for the Hugill diagram.

Figure 34 is the Hugill diagram. Numerical results and the JT-60 ex-

perimental data are shown by lines and closed symbols, respectively. The

increase of plasma current or the reduction of impurity content immediately

increases the density limit. The contamination of metal impurity strongly re-

duces the density limit even if the impurity content is very small. The case of

0.5 % oxygen content, which corresponds to the case of Ze//~1.2, is almost the

minimum level of impurity content in JT-60 without major disruption. The

experimentally obtained density limit quantitatively agrees with this line.

In discussing the density limit accurately, it is necessary to study the

effect of impurity diffusion more carefully. As has been already pointed out in

the Section 2.2, the impurity density profile is affected by the ratio CAI'DA-
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In the numerical results of this paper, these parameters are fixed at C.4=l and

.0.4=0.4 m2sec-1. Here, the value of CA is changed to study its effect on the

density limit.

Figure 35 shows the comparison of profiles of ne, n,-, Te, T,-, Pra<i and

carbon density in each charge state between CM=1 case and CM =4 case at

(ne)~2.2xl019 m~3 in the 7P=2 MA plasma with 7imp=6 % carbon. In this

situation Ze/f is about 2.6 . Since the impurity density profile is more peaked

in CA = 4 case, the low charge state carbon densities C3+ or C2+ which cause

the radiation cooling are much smaller in the edge region comparing with

CA-\ case. Therefore, P^f of the CA-\ case is about 2.9 times larger than

the CM=4 case at the same density. As a result, the density limit of CM =4

case becomes about twice as large as that of CM=1 case.

The similar results is obtained in the oxygen-contaminated plasma. Fig-

ure 36 shows the comparison of profiles of ne, n,-, Te, Ti, Prad and oxygen density

in each charge state between CM=1 case and CM =4 case at (ne)~3.0xl019 m~3

in the 7P = 2 MA plasma with 7imp=2 % oxygen. In this situation Zejj is about

1.85 . The low charge state oxygen densities O5+ or O4+ in CM=4 case are

much smaller than those in the (7.4=1 case. Thus P^f1 of CM=4 case is about

40 % less than the CM=1 case. Accordingly the density limits of CM=2, 3 and

4 cases are 30 %, 60 % and 83% larger than that of CM=1 case, respectively.

It is found that the density limit in the case of light impurity such as

oxygen and carbon is affected by CA-

Next the metal impurity case is examined. Figure 37 shows the compar-

ison of profiles of ne, Te, T,-, PTad and titanium density in each charge state

between CM=1 case and CM=2 case at (ne)~2.7xl019 m~3 in the 7P=2 MA

plasma with 7,mp= 0.05 % titanium. In this situation Ze// is about 1.1 .

The titanium densities in the low charge state, Ti1+~Ti8+, are somewhat

smaller in C^=2 case comparing with C^=l case. However, different from the

light impurity case the total radiation loss of CM=2 case is almost the same as

that of CM=1 case, since the radiation loss is not determined only by these low

charge state titanium densities. Thus the density limit of CM=2 case is only 1

% smaller than that of CM=1 case.

7P=2 MA case with 7trnp=0.05 % titanium are also examined to compare

CM = 1 case with CM=2 case. The results are shown in Fig. 38 for (ne)~2.9xl0 l i}

m~3. In this case, the radiation loss is almost the same between C>i=l case

and CM=2 case. Thus the density limit of CM=2 case is only 9 % larger than

that of CM=1 case.
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In the metal impurity case, it is considered that the effect of CA on the

density limit is small. The changes of density limit according to CA value is

summarized in Fig. 39 .

The value CA should be carefully chosen to reproduce the spatial pro-

file of radiation loss and effective charge number, which are measured by the

bolometer array and the visible bremsstrahlung detector array, respectively.

7. Conclusion

Major disruptions in the high density regime of ohmically heated plas-

mas have been studied by using the one dimensional tokamak transport code

including the impurity diffusion equation, the sawtooth oscillation model and

the magnetic island evolution model.

Since the ionization energy of the light impurities such as carbon and oxy-

gen is generally low, they become fully ionized except for the plasma peripheral

region in case of the JT-60 plasma parameters. The radiation loss, which is

mainly caused by the low charge state carbon or oxygen, becomes fairly local-

ized at the plasma peripheral region. The central region is not affected by the

radiation loss if there is no strong inward flow velocity of impurity.

On the other hand, the ionization energy of the heavy impurities or the

metal impurities such as titanium and molybdenum is significantly higher than

that of light impurities. Therefore they cannot reach the fully ionized state in

the ohmically heated plasmas of large tokamaks in which the central Te reaches

2~3 keV. Thus, metal impurities in the different charge state spread in the

whole plasma region. The radiation loss profile is not localized at a specific

region and becomes broad one.

Although the radiation loss profile is entirely different between the light

impurity cases and the metal impurity cases, the process toward the density

limit disruption is considered the same. It is related to the fact that the

increase of density accompanies the increase of radiation loss. When the total

radiation loss becomes comparable to the ohmic heating power, the plasma

current channel usually begins to shrink. It does not matter whether the

current channel shrinks from the plasma surface gradually as shown in the light

impurity cases or the plasma current profile changes in a wide region between

the half radius and the plasma surface as shown in the metal impurity cases.

At first, the current density gradient at q=2 surface becomes large and

the (2,1) tearing mode is destabilized. Then the (2,1) magnetic island starts
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to grow. When the width of (2,1) island becomes sufficiently large, the current

density gradient at q=l.b surface becomes large. Then (3,2) tearing mode is

destabilized and the (3,2) magnetic island grows in addition to the (2,1) mag-

netic island. When the (2,1) and (3,2) islands are overlapped, major disruption

occurs due to rapid energy loss by destruction of magnetic surfaces.

In the large plasma current case, for example 7P=2 MA, the wide flat

region of plasma current profile appears in the central region by the sawtooth

oscillation which also makes large current density gradient at the q=2 surface.

However, the increase of the current density gradient at q=2 surface is affected

by the edge cooling due to the radiation loss much more than by the central

current density flattening. When the plasma current becomes much larger, for

example g(a)=2~2.5, the sawtooth induced current density flattening plays a

role in triggering the major disruption.

The numerically obtained Hugill diagram quantitatively agrees well with

that obtained in the JT-60 ohmically heated plasmas. The reduction of impu-

rity content, especially the reduction of metal impurity content, is important

for the high density operation of ohmically heated plasmas.

The corona-equilibrium model underestimates the densities of low charge

state impurities which exist near the plasma surface. Therefore, the density

limit is overestimated in the light impurity cases because the radiation loss is

determined mainly by these low charge state impurities. It seems inappropriate

to adopt the corona-equilibrium model to evaluate the radiation loss due to

the light impurities. In the metal impurity case, on the other hand, the density

limit by the corona-equilibrium model is almost the same as that obtained by

the impurity diffusion model. The reason is that the radiation loss of metal

impurity is determined not only by the low charge state but also the high

charge state. Therefore corona-equilibrium model is effective to evaluate the

radiation loss profile in the metal impurity case.

The density limit of light impurity is also affected by CA value given by

eq.(14). The larger CA accompanies the larger density limit, because the ratio

of the impurity density in the low charge state to the total impurity density

decreases, and therefore the radiation loss decreases as CA increases. In the

metal impurity, on the other hand, CA affects the density limit very little. In

the JT-60 experiments, it is necessary to evaluate CA precisely particularly for

light impurities such as carbon and oxygen.

The simulation results presented in this paper are carried out by assuming

the gas puffing from the plasma wall. The density profile is considerably flat. In
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the JT-60 experiments with pellet injection, the density profile becomes highly

peaked with a pedestal just after the pellet injection.25 Since the edge density

does not change, high density plasma becomes possible without increasing

radiation loss. This is consistent with simulation results in this paper that

the edge radiation loss causes the major disruption through the shrinkage of

plasma current. In order to achieve the high density operation of ITER without

major disruption, reduction of edge electron density is essential.
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Fig. 1 The radiative cooling rate, Lz, and the average charge state, (Z), as

a function of Te for typical impurities ,13
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Fi<7. 2 Time evolution of plasma parameters in Ip=2 MA plasma without

impurity.
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Fig. S Time evolution ofne, Te and Jz profiles in Iv=2 MA plasma without

impurity.
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Fig. 4 Profiles of nt, Tei T{ and PTad at {ne)=7.1xl019 m"3 (t=S.O sec),

(ne)=1.69xl0'° m~3 (t=84 sec) and (ne)=l.77* 10*° m"3 (t=8.8 sec) in

Ip=2 MA plasma without impurity.
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Fig. 7 Profiles of ne, n{, Te, T{ and Prad at {ne)=1.72xl019 m"3 (t=2.0

sec), (ne)=2.35xl019 m"3 (t=3.3 sec) and (ne) =2.39x10]19 m"3 (t=3.4 sec)

in Ip=l MA plasma with 1 % oxygen.
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Fig. 8 Profiles of oxygen density nk (k-1, 2, »• •, 8) at t=2.0, 3.3 and

3.4 sec in Ip=l MA plasma with 1 % oxygen.
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Fig. 11 Profiles ofne, m, Te, Tt and Prad at {ne)=2.60xl019 m"3 (t=2.0

sec), (ne)=3.67xl0'9 m"3 (t=3.1 sec) and {ne) =4.25xlO19 m~3 (t=3.7sec)

in Ip=2 MA plasma with 1 % oxygen.
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Fig. 15 Time evolution ofne, Te and Jz profiles in Ip=l MA plasma with 1

% oxygen. The corona-equilibrium model is assumed.
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Fig. 16 Profiles of ne, ni} Te, T{ and Prad at {ne)=2.73xl019 m"3 (t=4.0

sec), (nc)=4.39xl019 m~3 (t=7.4 sec) and {ne)=448xl0t9 m~3 (t=7.6 sec)
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Fig. 19 Time evolution of ne, Te and Jz profiles in Ip=l MA plasma with

0.05 % titanium.
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Fig. 20 Profiles ofne, Te, T{ and Prai at {ne)=2.18xl019 m~3 (t=5.0 sec),

{ne)=2.78xl0's m"3 (t=6.7 sec) and (ne)=2.84xl019 m~3 (t=6.8 sec) in

Ip=l MA plasma with 0.05 % titanium.
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Fig. 23 Time evolution of ne, Te and Jz profiles in Ip=2 MA plasma with

0.05 % titanium.
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Fig. 24 Profiles ofne, Te, Ti and Prad at {ne)=2.89xl019 m~3 (t=3.0 sec),

(ne)=3.63xl019 m"3 (t=5.0 sec) and (ne)=3.79xl019 m~3 (t=5.5 sec) in

Ip=2 MA plasma with 0.05 % titanium.
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Fig. 25 Profiles of titanium density nk (k=l, 2, •••, 22) at t=3.0, 5.0 and

5.5 sec in Ip=2 MA plasma with 0.05 % titanium.
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Fig. 26 Time evolution of plasma parameters in Ip=l MA plasma with
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- 3 6 -



JAERI-Research 95-079

(0

Molybdenum 0.01 %
Ip= I MA , C A * I

Fig. 27 Time evolution ofnei Te and Jz profiles in Ip=l MA plasma with
0.01 % molybdenum.
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Fig. 28 Profiles ofne) Te, T{ and Prad at (ne)=2.60xl019 m~3 (t=3.5 sec),

{ne)=3.10xl019 m"3 (t=4-9 sec) and {ne)=3.Slxl019 m"3 (t=5.5 sec) in

Ip=l MA plasma with 0.01 % molybdenum.
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and 5.5 sec in Ip=l MA plasma with 0.01 % molybdenum.
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Fig. 30 Time evolution of plasma parameters in Ip=l MA plasma with

0.01 % molybdenum. The corona-equilibrium model is assumed.
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Fig. 31 Time evolution of ne, Te and Jz profiles in Ip=l MA plasma with

0.01 % molybdenum. The corona-equilibrium model is assumed.
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Fig. 32 Profiles ofne, Te, Tt and PTad at {ne)=2.43xl019 m"3 (t=3.0 sec),

{ne)=2.87xl019 m"3 (t=4.2 sec) and (ne)=8.08xl019 m"3 (t=4-8 sec) in

Ip=l MA plasma with 0.01 % molybdenum. The corona-equilibrium model is

assumed.
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Fig. 33 Profiles of molybdenum density nk (k=l, 2,---, 42) at t=3.0, 4-2 and

4-8 sec in Ip=l MA plasma with 0.01 % molybdenum. The corona-equilibrium

model is assumed.
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( o ) C A - I
-

o

u
o-

o

I"

o-

to

•- J

d '

T,
_„„-

. i • mi i —

V ^
A \ Y"*

M

<r-

CM-

O

1.
6

ke
v) 1.
2

•d"

d"

(b)

n*

C A * 2

A

0 0.2 0.4 0.6 0.6 1.0

2 -

1.
6

.4

\

19

V20+

\
i \

12 +

/ \

4+

0.2 0.4 0.6 0.8 1.0
r (tn)

0 0.2 0.4 0.6 0.B 1.0

0.2 0.4 0.6 0.8 1.0

Fig. 38 Comparison of plasma parameter profiles at {ne)~2.9x.l019 m~3 in

Iv=2 MA plasma with 0.05 % titanium in case of CA=1 and 2 .

- 4 2 -



JAERI-Research 95-079

•0.4

0.3 h

1/qa 0.2

0.1 h

0.0

1

-

-

- C A =

o

c

. i .

oxygen 2 %

^<%\>^

«• o
\t

A=1ycA=2

frtanium 0.05 %

1

I I I I 1 |

^ A = 4 -

o -

-

-

1 t

1 2 3
< n > R / B.

e i

Fig. 39 Hugill diagram by numerical results in ohmically heated plasmas

with different CA value.

- 4 3 -



£ 2

fit

H fl

?B flt

%9 Q fit

ft BE

¥ Bn ft

£ {* ft

*

7

ii

7

-

1*

1-

a 9'7
£• ' -

y

;l/

y

f

f

7
7.7-7 C/T

A

7
y

7

y

y

12 #
m

kg

A

K

mol

cd

rad

sr

ffi-
x<

X

IB

Ift
<B
3

fix

6ft
-f

•fe

ft

B

•i&

fi .

s£ • )

si a .
ft, <SEi

(B

SI

y ? 9

y ? 9
IV •> £

HX

fit

a
IS fi

li 9-1 %

IS fir

s a
^ y x

iB IS
^ y 7.

xfiffi

Si

BE

fig

fH iit

S fit

—
/ s -

V5

7

7
>̂

v/
CJ

•r

•fe

;l/

•y

* *

IV

a - h

jt -

•y

— o

r 7
-

- P1 y

x —

7.

y u

- *

"} Is
U

— *<IV

"J

y

IV

IV

t-
y

K
A

7x

/>•

7

-

BE
y

y|/

-f

1-

Hz

N

Pa
J

W

C
V

F

n
s

Wb

T

H

°c
lm

lx

Bq
Gy

Sv

itilli

m-kg/s2

N/m 2

N-m

J/s

A-s
W/A
C/V

V/A

A/V

V-s

Wb/m2

Wb/A

cd-sr
lm/m2

s"1

J/kg
J/kg

» . B5. B

BE. 'A. 0>

h y

12 ^

min, h, d

I. L

t

eV

u

leV=1.60218xnr"J

lu= 1.66054x10"" kg

* ^

7

u

^ h D - A

- y

- IV

IV

') -
p ¥ y

V
A

12 *t
A

b

bar

Gal

Ci
R

rad

rem

1 A=0.1nm=10-'°m

lb=100fm!=10-"m!

lbar=0.1MPa=10sPa

lCi=3.7xl0'°Bq

lR=2.58xlO"4C/kg

10"

10"

1012

10«
10'
103

102

10'

10"'

io-2

lo-1

10"'

io-
10-'2

10""

10""

x 0

•r

* '

+

T

r
•b y
i

7-1 0

7"

t"

7 i i

r

1

7

D

1-

•h

•/

f-

'J
a

/

h

12 *f
E
P

T

G

M
k

h

da

d

c

m

li

n

P
f

a

i. - 5 l u m 5 us.
;/c"L, 1 eV

u O f t l i CODATA 01986 ^fttSS

2. sS4lcii?(Sl,

3. barli,

1 rem=lcSv=10'2Sv

, barnfei

N( = 10sdyn)

1

9.80665

4.44822

kgf

0.101972

1

0.453592

lbf

0.224809

2.20462

1

tt IS. 1 Pa-s(N-s/m!)=10P(*TX)(g/(cm-s))

1 m2/s= 10'St( ̂ - ? x ) (cm!/s)

E

t>

MPa(=10bar )

1

0.0980665

0.101325

1.33322x10-'

6.89476 x 10' ]

kgf/cm2

10.1972

1

1.03323

1.35951 x JO"3

7.03070 x 10'2

atm

9.86923

0.967841

1

1.31579x10"'

6.80460 x 10"2

mmHg(Torr )

7.50062 x 101

735.559

760

1

51.7149

ibf/in'Cpsi)

145.038

14.2233

14.6959

1.93368 x 10"2

1

X

IV

+
1

(J:

1

J( = 10'erg)

1

9.80665

3.6 x 10'

4.18605

1055.06

1.35582

1.60218x10-"

kgf'm

0.101972

1

3.67098 x 10s

0.426858

107.586

0.138255

1.63377x10""

kW-h

2.77778x10"'

2.72407 x 10"'

1

1.16279x10"'

2.93072 x 10"'

3.76616x10''

4.45050 x 10'2'

caKltHife)

0.238889

2.34270

8.59999xl0s

1

252.042

0.323890

3.82743x10-"

Btu

9.47813x10-'

9.29487x10"'

3412.13

3.96759 x 10"J

1

1.28506 xlO"3

1.51857 xlO"22

ft • lbf

0.737562

7.23301

2.65522 x 106

3.08747

778.172

1

1.18171x10'"

eV

6.24150x10"

6.12082x10"

2.24694x10"

2.61272x10"

6.58515 x 10!1

8.46233x10"

1

lcal = 4.18605 Jdtfilffi)

= 4.184 J QBWt'#)

= 4.1855 J (15 -C)

{fc-W 1 PS

= 75 kgf-m/s

= 735.499 W

Bq

1

3.7 x 1010

Ci

2.70270 x 10"

1

J5!
Jil

Gy

1

0.01

rad

100

1

C/kg

1

2.58 x 10"'

R

3876

1

(il
A
fit

Sv

]

0.01

rem

100

1




